Components of the renin-angiotensin system (RAS) are expressed in a number of areas in the brain involved in cardiovascular control. However, it has been difficult to link RAS actions in circumscribed brain regions to specific physiological functions. In a study appearing in this issue of the JCI, Sakai and associates use a combination of sophisticated transgenic techniques and stereotaxic microinjection of recombinant viral vectors to demonstrate a pivotal role in the regulation of thirst and salt appetite of angiotensin II generated in the subfornical organ in the brain (see the related article beginning on page 1088).
Nonstandard abbreviations used: AT1, Ang II receptor, type 1; RAS, renin-angiotensin system; SFO, subfornical organ; SR mice, mice expressing human renin under the control of the neuron-specific synapsin I promoter; SRA mice, double-transgenic mice expressing human renin from a neuron-specific promoter and human angiotensinogen from its own promoter.
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In the classic view of the RAS ( Figure 1A ), derived from analysis of its components in the circulation, the liver is the primary source of angiotensinogen. In the circulating system, the amount of renin in the plasma is a key rate-limiting step determining the overall RAS activity. The kidney is the major source of circulating renin where its secretion is triggered by reduced pressures in the afferent arteriole, reduced sodium delivery to the macula densa, and activation of β-sympathetic neurons. Thus, the activity of the circulating RAS is precisely calibrated by signals from the kidney linked to blood pressure and intake of salt and water. Angiotensin II generated within the circulation is then transported throughout the body, triggering a range of physiological responses. It has become clear that this simplified view of the RAS ( Figure 1A ) cannot fully explain the physiological complexity of the system in health and disease. For example, in the broad population of patients with hypertension, diabetes, and cardiovascular disease, pharmacological antagonists of the RAS lower blood pressure and prevent end-organ damage even in the absence of overt elevation of plasma renin levels (2). Moreover, various components of the RAS are synthesized in tissues throughout the body where their expression may be subject to local control (3). Accordingly, it has been suggested that compartmentalized RASs may operate within individual organ systems with some degree of autonomy to influence regional responses. The studies from the Sigmund and Davisson laboratories suggest that the brain may possess such a local RAS ( Figure 1B 
RAS on the brain
The capacity of the CNS to respond directly to angiotensin II was demonstrated in experiments more than 2 decades ago, wherein angiotensin II was injected into cerebral ventricles or specific brain nuclei and it subsequently elicited potent cardiovascular and dipsogenic (thirst-provoking) responses (6, 7) . Expression of virtually all of the components of the RAS has since been verified in various regions and cell lineages in the brain. Based on these findings, it was suggested that angiotensin II generated locally in the brain might function as a putative neurotransmitter in neurons involved in cardiovascular regulation (8) . Within the brain, the subfornical organ (SFO) is a major site of RAS activity that has also been implicated as an important cardiovascular control center. Injection of angiotensin II into the SFO activates its neurons and elicits potent systemic vasoconstriction (7, 9) ( Figure 1B) . While angiotensinogen and angiotensin receptors are highly expressed within the SFO (10) (11) (12) (13) (14) , it lies outside of the blood-brain barrier and therefore is also potentially subject to modulation by components of the RAS in the circulation.
Many of the general features of the brain RAS have been apparent for some time. Until recently, however, it has been difficult to develop a precise understanding of its contributions to physiological homeostasis in the intact organism. This was due to a number of experimental barriers, including gaps in expression patterns of RAS components between regions and difficulties in precisely manipulating the brain RAS in vivo. The development of techniques for transgenesis and gene targeting advanced the field, but the lack of promoters to drive expression in specific brain regions remains a significant limitation. In the current study by Sakai and associates (4), along with another recent publication by the same group (5), transgenic mouse lines expressing RAS genes have been utilized in combination with microinjection of recombinant viral vectors to establish a critical contribution of angiotensin II generation within the SFO to the control of thirst and systemic vasopressor responses ( Figure 1B) .
A physiological role for angiotensin II production in the SFO
Angiotensinogen is broadly expressed in glial cells throughout the brain, while its expression in neurons is restricted to spe- cific populations, including those in the SFO. Whether renin is expressed in the brain has been difficult to document and has been a matter of some debate. Proponents have suggested that problems verifying expression are due to relatively low levels of renin expression in the CNS. Recent work using sensitive transgenic reporter lines provided new evidence supporting expression of renin in a number of brain regions including the SFO, primarily in the neurons of the SFO (15, 16) .
In order to assess the putative physiological significance of neuronal renin, Sakai et al. (4) used transgenic mice expressing human renin under the control of the neuron-specific synapsin I promoter (SR mice). These SR mice were intercrossed with a second line of transgenic mice, expressing the human angiotensinogen gene controlled by its endogenous promoter, to generate double-transgenic mice (SRA mice). Between humans and mice, there is strong species specificity for the enzymatic cleavage of angiotensinogen by renin, so that expression of either transgene alone does not affect angiotensin II levels and therefore causes no phenotype. However, SRA double-transgenic mice exhibited dramatic increases of water and salt intake. This was accompanied by a robust increase in angiotensin II immunoreactivity localized primarily to the SFO ( Figure 1B ). This phenotype was abolished by icv infusion of the Ang II receptor, type 1 (AT 1 ) blocker losartan, consistent with previous studies showing that dipsogenic responses to angiotensin II are mediated by AT 1B receptors in the CNS (17) .
The SFO lies outside the blood-brain barrier, and it was therefore conceivable that transgene-derived human angiotensinogen in the circulation might have contributed to the increase in local angiotensin II that was observed in the SRA mice (4). In order to determine the pertinent source of angio tensinogen and to test its physiological role, Sakai and associates took advantage of a second transgenic line, in which the principal coding exon of human angiotensinogen transgene is flanked by loxP sites. In the presence of Cre recombinase, the exon would be excised, producing a nonfunctional angiotensinogen gene. When crossed with SR mice, the double-transgenic SRA flox animals displayed a phenotype that was identical to that of the SRA mice: increased water and salt intake associated with exaggerated angiotensin II levels in the SFO. Using stereotaxic microinjection, adenoviruses expressing Cre recombinase were injected into the SFO of the SRA flox animals. This caused a significant decrease in drinking and reduced angiotensin II immunoreactivity in the SFO.
Taken together, these studies suggest that angiotensin II, arising from angiotensinogen and renin expressed in SFO neurons, plays a critical role in RASdependent drinking and salt appetite (Figure 1B) . Although the SFO is outside of the blood-brain barrier, angiotensinogen derived from the circulation apparently cannot substitute for its local expression in the SFO neurons. Since SRA mice lack circulating human renin, it is not clear whether neuronal expression of renin would be required to drive this response in the presence of normal levels of renin in plasma. Nevertheless, this experiment clearly illustrates the capacity for local generation of angiotensin II in the SFO to control drinking behavior.
In separate experiments using a similar system, this group also showed that expression of angiotensinogen in the SFO is critical for centrally-mediated vasoconstrictor responses (5) . In this case, Cre-mediated deletion of the floxed human angiotensino gen transgene in SRA flox mice abrogated the vasoconstrictor and bradycardiac effects caused by infusion of human renin into the CNS. These findings highlight the importance of local expression of angiotensinogen in the control of cardiovascular functions by the SFO. Moreover, they suggest a capacity for interaction between the circulating and local RASs in modulating this systemic vascular response (Figure 1 ).
Many RASs: how do they fit together?
The work from Sakai et al. (4) and Sinnayah et al. (5) provides indisputable evidence for nonredundant contributions of a brain RAS to control drinking behavior and systemic cardiovascular responses. Thus, local expression of RAS components in individual tissues can have essential actions that may operate independently of the RAS in the circulation. These findings raise a number of interesting questions for future investigation. Do the systemic and local systems have overlapping function and regulation? In particular, are the production of renin and angiotensinogen regulated in the brain, and if so, what are the pertinent regulatory pathways? One would imagine that any system controlling renin levels in the CNS must be very different from the mechanisms regulating renin secretion in the kidney. This regulatory system would likely be triggered by distinct local and environmental cues, perhaps linked to changes in osmolality and/or regional neural circuits. Furthermore, since β-adrenergic activity is a major determinant of renin secretion by the kidney, the connection between the brain RAS and the sympathetic nervous system suggests a possible mechanism for direct interaction between RASs in the CNS and the circulation.
The current studies (4, 5) focus on normal physiological and homeostatic responses. What happens during disease? Can augmentation or dysregulation of local RAS in organs such as the brain contribute to disease pathogenesis in hypertension or other cardiovascular disorders? Global pharmacological inhibition or traditional gene targeting cannot differentiate systemic from local actions of the RAS. Thus, as illustrated by the studies by Sakai and colleagues (4, 5) , creative use of techniques allowing for cell- and tissue-specific manipulation of gene expression in vivo will be essential for answering these questions.
